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Currently, significant academic and industrial activity is focused on sourcing feed stocks from non-food 
biomass crops for the sustainable production of energy, power and chemical products. Crops identified as 
suitable for Northern Europe include Miscanthus, switchgrass (Panicum virgatum ), reed canary grass 
(Phalaris arundinacea ) and short rotation coppice willow and poplar (Salix and Populus spp.). All of these 
crops provide biomass that is amenable for conversion by thermochemical processes i.e. those based on 
heat and pressure. There are concerns that for some processes the conversion efficiency of biomass is 
poor compared with coal and oil due to comparatively low energy density, high moisture content, and 
poor storage and handling properties. Many of these parameters can be improved by pre-processing feed 
stock materials prior to their conversion. We examine the energy crop species that are suitable for 
Northern Europe; discuss the processes of combustion, gasification and pyrolysis, and explore how 
differences in chemical composition influence conversion efficiency. Finally, we review biomass 
upgrading (pelletisation, torrefaction and treatment with sub-critical (hydrothermal upgrading) and 
with supercritical water). 
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1. Introduction 

Increasing energy costs, the depletion of fossil fuel reserves and 
a requirement to reduce greenhouse gas emissions (GHG) have 
made the discovery and exploitation of new sources of energy more 
urgent than ever. Whilst fossil fuels, especially oil and gas, will most 
likely remain important sources of the world’s energy for many 
decades to come, it is anticipated by many that sustainably 
produced plant biomass will come to hold a prominent place as 
a source of renewable energy. The projected increase of our 
dependency on plant biomass in the next decade is likely to be vast 
and the Gallagher Review of 2008 forecasts an increase in the 
amount of cropland given over to the production of biomass feed 
stocks of between 17 fold to greater than 40 fold in the coming 
decade [1]. Biomass from plants has been exploited throughout 
human history as fuel for heat and cooking and is estimated to be 
the fourth largest source of energy in the world, supplying 10—14% 
of primary energy i.e. 46 EJ/yr [2,3]. Whilst many commentators 
concur that such large scale production will probably be sustainable 
and have mainly beneficial effects on GHG emissions [4—8], there 
have been dire warnings that the move towards such increased 
dependency needs to be carefully controlled if impacts on food 
production, biodiversity, or even increases in GHG are to be avoided 
[1,9—16], Needless to say, there is considerable pressure to identify 
non-food crops that can meet the rising demand for biomass in 
a manner that is truly sustainable [11,17—19] and a search for 
technologies which will allow the most efficient processing of plant 
biomass into products currently derived from fossil deposits [3,20]. 
The precise chemical composition of plant biomass affects the 
efficiency of many thermochemical conversion processes and some 
potential feed stocks will need to be improved before they can be 
used as a viable alternative to fossil feed stocks. For example, most 
biomass feed stocks are less suited for combustion than coal or oil. 
Coal contains between 75 and 90% carbon [21] while biomass 
typically has a carbon content in the order of 50% [22,23] and the 
ratios of hydrogen: carbon and oxygen: carbon are much higher for 
biomass than for fossil fuels. Biomass therefore has lower energy 
content than fossil fuels and its conversion to heat and power is less 
efficient [24], The combustion of some plant biomass feed stocks 
may also be hindered by the presence of unacceptably high 
concentrations of alkali and alkaline earth metals (Na, K, Mg, and 
Ca). Undesirable concentrations of these elements results in the 
formation of ash that melts during combustion causing the 
blockage, erosion and/or corrosion of equipment [21,25,26], Certain 
biomass feed stocks, particularly wastes and residues, may contain 
unacceptably high concentrations of nitrogen, sulphur and chlorine, 
which in addition to causing corrosion can also lead to unacceptably 
high emissions of NO x , HC1 and S0 2 [22,25], By contrast, the 
composition of biomass may be more suitable than coal and oil feed 
stocks for efficient thermochemical gasification due to its greater 
proportion of volatile components, making it more reactive than 
coal at high temperatures [3], There is thus a need for plant breeders 
and growers to not only improve energy crop yield and agronomic 
performance, but to also alter the chemical composition of energy 
crop biomass by breeding improvement and by choice of agronomic 
and farming practice so that the best possible feed stocks can be 
provided for specified end-users. This is the concept of feed stock 
matching. 


This review discusses the thermochemical conversion and 
optimisation of non-food biomass crops that are suitable for culti¬ 
vation in the United Kingdom and Northern Europe. It does not 
discuss non-crop biomass feed stocks e.g. forest wood and forest 
waste, olive and palm residues, tall oil, sunflower and cereal pellets, 
sewage sludge, and animal derived fuels such as tallow. We 
consider which crop species have potential for cultivation in N. 
Europe, with specific reference to the UK; review the leading 
thermochemical conversion technologies; discuss the effects of 
feed stock chemical composition on thermochemical conversion 
efficiency and summarise some new approaches based upon post¬ 
harvest technologies that may be used to upgrade plant biomass 
prior to combustion. 

2. Energy crops with potential for the UK and N. Europe 

Whilst timber and forest waste have obvious roles as biomass 
for thermochemical conversion, their use must be sustainable both 
in economic terms and for the retention of carbon sinks. These 
sources are most likely insufficient and too dispersed to provide the 
necessary amounts of biomass if we are to decrease dramatically 
our reliance on coal, oil and gas. A study by Berndes et al. (2003) 
[27] reviewed 17 published studies related to the contribution of 
biomass to the future global energy supply and reported that 
although forest biomass represented a major potential source of 
biomass, perhaps as much as half of the total amount of timber in 
Europe, and a much larger proportion in many other parts of the 
world, was not available for energy production as some areas of 
forest were environmentally too important or too inaccessible for 
harvesting in a cost effective manner. The authors predicted that 
globally, over the next 100 years the largest proportion of biomass 
for bioenergy production would be met by dedicated energy crops. 

The European Energy Crops Overview project of the late 1990s 
provided a comprehensive overview of the achievements on 
production, processing and use for more than 30 potential energy 
crops over 14 EU countries [28], At that time, with the exception of 
willow cultivation in the northern parts of the EU, energy crop 
cultivation was generally carried out on a very small scale but in the 
years following this study there has been steady progression in 
many EU countries towards commercial energy crop cultivation. 
Well established criteria exist for the selection of prospective 
energy crops: They must have favourable emission balances, be 
capable of sustaining high yields with low or minimal levels of 
external inputs, it should be possible to grow the crops on 
marginally fertile land to limit the displacement of current or future 
food production, the crop must be tolerant of given climatic 
conditions and establishment and cultivation must be cost effective 
for the farmer [12,28-32], 

All of the potential biomass crops identified in this review are 
suitable for cultivation in N. Europe and all provide biomass with 
high levels of lignocellulose allowing conversion by thermochem¬ 
ical processes. However, there is considerable variation between 
these crops in their mean concentrations of lignin, cellulose, 
hemicellulose, ash and soluble metabolites (Table 1 ) and this will 
almost certainly result in differences between the crops in how well 
suited they might be for conversion by given thermochemical 
processes. On the whole, woody crops are attractive as sources of 
biomass as they are consistent with agronomic, environmental and 
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Table 1 

Comparison of the compositions of biomass feed stocks (from Pauly and Keegstra, 
2008 [17] and IENICA crop data base). 


Wheat straw 
Miscanthus 
Switchgrass 
Reed canary grass 28.0 


Lignin Ash 



11.9 

15.0 

ND 


ND 

ND 


ND, not determined Values adjusted to percentage dry weight (%DW), IENCA crop 
data base URL http://www.ienica.net/cropsdatabase.htm. 


societal requirements for energy sources. Much attention has been 
given therefore to fast-growing tree species, particularly to short 
rotation willow ( Salix spp.) and poplar ( Populus spp.) 
[24,28,33—35], and to a lesser extent Eucalyptus [28,36,37], 
Perennial energy grasses also have enormous potential in terms of 
yield and sustainability [38], Crop species include Miscanthus from 
South East Asia, switchgrass ( Panicum virgatum ), a native of North 
America [39—42] and reed canary grass ( Phalaris arundinacea ), 
a Northern European grass [43—45], All are easily harvestable 
annual crops with low moisture content and a high dry matter 
yield. Both Miscanthus and switchgrass have photosynthesis of the 
C4 type with a conversion efficiency of intercepted light into 
biomass that is potentially 40% higher than the C3 photosynthesis 
present in many temperate crop species [46] and C4 species have 
potential advantages over native perennial C3 grasses such as reed 
canary grass when temperatures are high [47], Furthermore, Mis¬ 
canthus is relatively cold tolerant which is unusual in C4 species, 
which mostly originate from tropical and sub-tropical and are 
generally poorly adapted to cold, temperate environments. The 
development and current status of these and other perennial 
rhizomatous grass species was reviewed by Lewandowski et al„ 
2003 [48], The fact that these crops are all perennial is a key feature 
in their suitability as energy crops. Perennial grasses have lower 
nitrogen content and a lower requirement for nitrogen inputs 
compared with annual grass species as they are able to recycle 
nutrients to storage organs. This reduces their need for inputs, 
improves feed stock quality and reduces GHG emissions (N2O) 
arising from cultivation. Additionally, perennial crops require no 
annual tilling, allowing considerable amounts of carbon to remain 
sequestered in the soil. This reduces soil erosion and decreases the 
energy inputs required for the operation of heavy farming 
machinery [32], 

2.1. Miscanthus species 

Miscanthus x giganteus is the dominant commercial variety at 
present and is a naturally occurring sterile hybrid believed to be 
between Miscanthus sinensis and Miscanthus sacchariflorus. Exten¬ 
sive field trials of M. x giganteus have been carried out in northern 
Europe since 1983 [49], In temperate climates M.xgiganteus grows 
to a height of between 3 and 4 m and provides considerable dry 
matter yields. These factors combined with its C4 photosynthesis, 
its low requirement for water and nutrients, its tolerance of cool 
temperate climates and its ability to provide an annual income to 
the grower suggest it has potential as the ideal energy crop for 
many areas of northern Europe and the U.S. [49], The crop is 
established from rhizomes and it takes two to three years before 
yields are maximised. All Miscanthus species have large root 
structures that penetrate approximately 1.8 m below the surface 
and nutrients are stored in subterranean rhizomes over the winter 
months [40] and recent studies suggest considerable potential for 
these structures to sequester carbon below ground and improve 


still further the negative carbon balance of the above ground 
biomass [6,50,51], 

M. x giganteus has been grown successfully in the U.S.A and in 
Europe at locations including Turkey, Ireland, Denmark, Germany, 
the UK, Switzerland, Spain and Italy [31,32,50,52], The main limi¬ 
tations to production from M. x giganteus are high establishment 
costs, poor over-wintering at some sites, and insufficient water 
supply in southern regions of Europe [31 ]. In England and Wales, 
dry matter harvestable yields have been reported of between 
6.9—24.1 t ha -1 yr” 1 when the crop is grown on arable land [42] 
and in other European locations reported yields range from 
4 t ha -1 yr -1 in Central Germany to 44 t ha -1 yr -1 in Northern 
Greece and Italy [31,53], A study in Ireland reported average 
autumn and spring dry matter yields of 13.4 and 9.0 t ha 1 yr -1 
over a period of 15 years for crops grown on marginal land [50] and 
modelling has predicted a peak output yield across Ireland of 
16-261 ha' 1 yr -1 [54], No effect of nitrogen fertiliser was observed 
on yield by Christian, Riche and Yates (2008) [55] in the UK nor by 
Danalatos et al„ 2007 in Greece [56] though positive effects of 
nitrogen fertiliser application and irrigation were reported in trials 
conducted in Italy [57] and on poorer soils very limited application 
of N may be one strategy for increasing yields to commercially 
viable levels. Yields with current varieties of M. x giganteus are 
likely to be greater in the wetter west of the U.K. than in the drier 
east of the country [24], The area of M. x giganteus grown in the U.K. 
in 2007 was estimated recently by the U.K. Department of Envi¬ 
ronment, Food and Rural Affairs (Defra) at 12,699 ha [58] and 
dramatic increases in cultivation have been predicted for the next 
20 years. The area available for the cultivation of Miscanthus in the 
15 member states of the EU has been estimated at in excess of 
11.6 million ha with a potential yield using improved varieties of 
greater than 158 million t/yr [41], 

After over-wintering in the field harvested biomass from M. x 
giganteus has excellent combustion properties with low water 
(16—33%) and mineral content (Cl = 0.3—2.1 g kg -1 ; 
N = 0.9—3.4 g kg' 1 and K = 3.7-11.2 g kg” 1 ) [25,59], Crop 
improvement in Miscanthus will therefore most likely focus on 
increasing yields at low levels of input [60], improving frost toler¬ 
ance, which is a substantial impediment preventing widespread 
cultivation of M. x giganteus in the U.K. [54,61], and reducing 
establishment costs by breeding new varieties that are capable of 
seed propagation. The domestication of all energy crops should 
incorporate the widest possible genetic diversity [62] and in the 
case of Miscanthus crop improvement will be assisted by the 
increasing availability of genetic resources for Miscanthus such as 
quality trait loci (QTL) for traits including morphology, yield and 
elemental composition, increasing coverage of genome DNA 
sequence and the synteny of Miscanthus with related grasses e.g. 
Triticeae, maize, sorghum, sugarcane, foxtail millet and rice [63], 

Peak yield is reached at the first frost in autumn in each growing 
season when moisture content is between approximately 50 and 
70%. Lewandowski et al. (2003) reported mean autumn moisture 
contents for M. x giganteus of 58.7% in England, 50.5% in Germany 
and 49.7% in Portugal [59], From that point, the crop begins to 
senesce. Senescence is a natural process of winter die-back that 
allows nutrients and minerals to be mobilised to below ground 
tissues for storage over the winter months [64], In particular, 
nitrogen and chlorine are recycled and moisture content decreases 
still further and Lewandowski et al. (2003) reported mean post¬ 
winter moisture contents for M. x giganteus of 40.1% in England, 
40.6% in Germany and 30.0% in Portugal, and similar values of 40.3% 
have been reported in Wales in 2006 [65], Moisture content may 
vary considerably between locations and years due to differences in 
rainfall, snow and wind. Lewandowski and Heinz (2003) reported 
values of 17—45% at three locations in southern Germany in 1994 
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and 1996 [66], Coal, by comparison, often has a much lower 
moisture content and values of around 11% are typical, although the 
field moisture content of some low rank coals can be much higher 
e.g. Australian brown coals range from 45% to nearly 70% [67], 

2.2. Switchgrass 

Switchgrass is a major component of the American prairies and 
usually grows in small dense clumps. The species has been iden¬ 
tified by the United States Department of Energy as its main 
dedicated herbaceous energy crop because of its potential for high 
yields, low environmental impact and low input requirements 
[39,40], Although one study commissioned by the Department of 
Trade and Industry (DTI) found that switchgrass yielded well at 
southerly locations in the U.K. [68], the crop has received relatively 
little attention compared with M. x giganteus, which offers better 
yields under most European and northern USA conditions. The crop 
is grown as a highly managed mono-culture from seed and takes 
approximately three or more years to reach maturity. Commercial 
varieties tolerate a wide range of soil and pH conditions and limited 
fertiliser input produces a greater yield than other warm season 
grass species. In the U.S. some switchgrass varieties can reach to 
3 m in height and its chemical composition and low moisture 
content make it ideally suited for thermochemical conversion. 

Varieties can be divided into two distinct taxonomic groups: 
Lowland ecotypes are generally taller, coarser and originate from 
wet areas with mild winter temperatures, and in the U.S. lowland 
varieties are capable of exceptional biomass yields. Upland varieties 
are shorter, lower yielding, but generally more tolerant to drought 
and cold. One study of upland and lowland switchgrass varieties in 
Ardmore, Oklahoma, reported yields of approximately 8—17 t ha 1 
depending on the time of harvest [69]. Yields of 9.63 t ha 1 yr 1 
have been reported for NL93/2, a relatively high yielding lowland 
variety grown in a two year trial across four sites in the U.K. In the 
same trial yields of 7 t ha -1 yr -1 were observed for two upland 
varieties (Shelter and Cave in Rock) included in the trial [68], 

Generally, published annual switchgrass yields are lower than 
those of M. x giganteus, with climate having a major effect on yield. 
A comprehensive comparison of switchgrass with M. x giganteus 
conducted in Illinois estimated an average yield for switchgrass of 
10 t ha -1 from 77 separate observations [70] and similar results 
have been obtained in side by side trials in Illinois (USA) [71], 
Heaton (2004) concluded that in certain climates M. x giganteus 
holds greater promise for biomass energy cropping than switch- 
grass but careful matching of switchgrass variety with location 
would possibly improve yields and lessen the apparent gap 
between the two crops. Despite relatively low yields and the often 
encountered difficulty of crop establishment, switchgrass could 
play a role as a bioenergy crop in the U.K. as planting, harvesting 
and baling uses equipment that is commonly available on farms 
familiar with growing perennial forage grasses [72], At present 
there is little evidence of commercial switchgrass cultivation in the 
U.K. and N. Europe and most existing plantings are for research 
purposes only. 

2.3. Willow and poplar 

Willow and poplar have received much attention in the U.S. 
[33,73] but in the U.K. willow has received greater consideration 
due to the susceptibility of older poplars to rust and their tendency 
for single stem dominance [74], Grown typically as a short rotation 
coppice crop (SRC) and harvested on a 3 yearly cycle, willow has 
been the subject of agronomic research and breeding improvement 
at Long Ashton Research Station and Rothamsted Research [75,76], 
Studies at Aberystwyth on the use of SRC willow demonstrated its 


potential as a feed stock for sustainable heating and power [77,78], 
The availability of a complete genome sequence for poplar and the 
acceptance of its role as a model organism for plant biology will 
most likely facilitate the development of improved varieties for 
biomass production by modern molecular technologies [40]. 

Yields of 12.41 ha -1 yr -1 to 22.51 ha -1 yr -1 have been predicted 
by modelling for coppiced poplar grown on non-irrigated and 
irrigated soils [79] and one study in Quebec reported average yields 
of 17.3 t ha' 1 yr' 1 for poplar and 16.9 t ha' 1 yr' 1 for willow grown 
without fertiliser or irrigation [80]. These findings suggest that 
yields from these SRC crops are comparable with those expected 
from M. x giganteus but there is an obvious requirement for addi¬ 
tional trials that allow direct comparison on a variety of sites in N. 
Europe and it is likely that some regions will indeed be more 
suitable for the growth of trees rather than energy grasses. Willow 
is generally harvested after leaf fall when its moisture content is 
between 45 and 50%, although this may vary somewhat between 
varieties. Usual practice is to store the harvested crop in heaps on 
farm until moisture content decreases to about 35% [78]; this 
lessens the cost of transport and improves biomass quality by 
increasing calorific value. 

Large scale commercialisation of SRC willow is already practiced 
in N. Europe [28,81] but in the U.K., the growth of SRC bioenergy 
crops has been slow to take off; with only very limited amounts of 
willow being under cultivation at present (about 4350 ha [58]) and 
poplar not being cultivated on a commercial scale at all. The most 
likely reasons for this slow take off are the high costs of establish¬ 
ment and harvesting, the long-term commitment of cultivable land, 
the availability of cheap forest chipped waste, the susceptibility of 
willow to rust [82], and the large amounts of water required by both 
species that excludes them from being grown in drier areas of 
Europe. Nevertheless, the anticipated growing demand for clean 
chipped wood of high quality for domestic heating in particular may 
lead to increased cultivation of willow in future years. 

2.4. Reed canary grass 

Reed canary grass is a rhizomatous C3 perennial grass that like 
switchgrass can be propagated from seed. The species is widely 
distributed across temperate zones of Europe, Asia and N. America 
and can grow as high as 2 m. It is able to withstand drought and 
tolerate excessive precipitation. One comprehensive study of 72 
accessions at five locations in the U.S. reported that yields varied 
with environment (mean of 9.2 t ha' 1 yr' 1 ) and remained high in 
wet locations and on marginal land [83], Yields of 10 t ha' 1 yr' 1 
have been reported in Sweden, where it is currently being evalu¬ 
ated as an energy crop but in the U.K. much lower yields of 
approximately 4 t ha' 1 yr' 1 [84] and 53—5.5 t ha' 1 yr' 1 [68] are 
typical and obtaining high yields for crops grown on marginal land 
will almost certainly require the use of nitrogen fertiliser [68], The 
ease and low cost of establishing and cultivating this crop suggest 
that there may be a role for reed canary grass as a secondary energy 
crop, although currently there is little or no commercial cultivation 
of reed canary grass for use as a bioenergy crop [85], One problem 
with reed canary grass is its high ash content of approximately 8.5% 
DM, which has potential for impacting conversion by combustion 
and other thermochemical processes; however, it may be possible 
to influence ash composition so that it has less impact on conver¬ 
sion efficiency by careful choice of growth and harvesting condi¬ 
tions, use of leaching as a pre-processing strategy [45,86], and by 
delaying harvest until either after an over-wintering period or by 
harvesting in the spring. As with Miscanthus, these practices offer 
benefits beyond improved chemical content and promise reduced 
reliance on nitrogen fertilisers albeit with a concomitant decrease 
in crop yield [87,88]. 
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3. The influence of chemical composition on thermochemical 
conversion 

3.7. Calorific value 

Feed stock quality for thermochemical conversion is dependent 
on calorific value, moisture content, the proportion of fixed carbon, 
ash content and its composition and the concentrations of nitrogen, 
sulphur and chlorine in the biomass as these compounds can lead 
to pollution [20,22], Moisture content, carbon density and ash 
content have dramatic effects on calorific value, which is usually 
expressed as higher heating value (HHV) or lower heating value 
(LHV), either on a dry, ash-free (daf) basis or for the raw fuel. The 
HHV is the quantity of heat liberated by the complete combustion 
of a unit of fuel when the water produced is condensed and the heat 
is recovered. The LHV, which is often more useful, is the quantity of 
heat liberated by the complete combustion of a unit of fuel when 
the water produced is assumed to remain as a vapour [89] and for 
many processes the LHV of a feed stock is highly indicative of how 
efficiently it can be converted by thermochemical routes into heat 
and energy. Typically, the LHV (daf) of biomass fuels is around 
16—19 MJ/kg [24] in contrast to coal which generally has much 
higher values of LHV (daf) of approximately 20-34 MJ/kg [90], 

3.2. Lignocellulose structure 

The majority of the energy stored in crop biomass is present in 
the cell wall which also constitutes the largest fraction of dried 
biomass by weight. Three polymers constitute the bulk of the plant 
cell wall (cellulose, hemicellulose and lignin), ranking amongst the 
most abundant biopolymers on the planet, their proportional 
concentrations range generally between 40 and 50%, 10-40% and 
5-30% of biomass by weight respectively [24], The absolute and 
relative concentrations of the components of the cell wall have 
a great influence on biomass quality i.e. its suitability for conversion 
to heat, power and chemical products. Cellulose is made up of 
microfibrils (semi-crystalline bundles of 500-14,000 monomers of 
D-glucose joined linearly by [h 4 linkages); hemicelluloses (a 
hydrated matrix of cross-linked linear and branched poly¬ 
saccharides composed of pentose and hexose sugars including 
glucose, mannose, xylose and arabinose) and pectin (structurally 
complex and often highly substituted linear and branched poly¬ 
mers that are rich in galacturonic acid [91-93]. Lignin is present in 
the vascular tissues of all higher plants. This complex aromatic 
heteropolymer is covalently bound to hemicellulose and gives the 
strength and rigidity that allow terrestrial plants to grow upright. 
Lignin also provides the vascular system with the hydrophobicity 
necessary for the transport of water and solutes [94], In angiosperm 
species lignin contains three major coniferyl alcohol subunits i.e. p- 
hydroxyphenyl, guaiacyl, and syringyl subunits, derived from p- 
coumaryl, coniferyl and sinapyl alcohols, and which are linked by |3- 
0-4ether bonds, carbon-carbon bonds and biphenyl ether linkages 
to form a highly complex and somewhat random structure [95,96], 
The cell walls of grasses are more complex; in these species lignin is 
associated with p- coumaric and ferulic acid units, with the later 
also forming dimeric cross-linkages between stands of hemi- 
cellulosic arabinoxylan [97,98], 

Many biological conversion processes which are inhibited by 
high levels of lignin e.g. rumen digestibility, enzymic saccharifica¬ 
tion and microbial fermentation, and decreasing the concentration 
of lignin in biomass would be beneficial for these conversion 
processes [99-106], However, the effect on these processes of 
changing lignin monomer composition without decreasing lignin 
concentration is less well understood. For example, guaiacyl lignin, 
which is abundant in the xylem cells of grass vascular tissues, has 


been reported to be the most effective limitation to biodegradation 
and cell walls rich in syringyl lignin, leaf sclerenchyma for example, 
are less recalcitrant [107], Wood from transgenic poplar trees in 
which syringyl/guaiacyl (S/G) ratio had been increased required 
60% less energy for pulping [108], and this may reflect the reduced 
branching found in syringyl lignin [109]. By contrast, other workers 
have reported that in poplar and other species decreasing the S/G 
ratio substantially improves biological deconstruction, suggesting 
that syringyl lignin has the greatest influence on digestibility 
[110—113]. To further complicate matters at least one group has 
reported that in maize protoplasts variation in the concentrations 
of the normal lignin monomers has no effect on digestibility 
[114,115], Perhaps these apparently conflicting results reflect the 
complexity of the plant cell wall which differs between plant 
tissues and plant parts and in spatial terms guaiacyl and syringyl 
lignin may be separated [116]. 

It is not known whether changing lignin monomer composition 
would have any effect on thermochemical conversion but it is likely 
it would have only limited effect compared with altering lignin 
concentration per se and it is generally accepted that biomass feed 
stocks with high levels of lignin are of higher calorific value when 
measured as higher heating value (HHV) [117—119], Therefore 
increasing lignin content may improve feed stock quality for many 
thermochemical processes, although there is evidence to suggest 
that when not fully optimised the presence of high levels of lignin 
can lead to soot formation during combustion [120], Increasing 
lignin content could be achieved in many instances by selective 
breeding where natural variation in lignin content exists [121,122], 
or by genetic engineering. This latter strategy has been shown to be 
effective in altering lignin content and often monomer composition 
[94,111,116,123,124], 

3.3. The effect of chemical composition on ash melting point 

The chemical composition of some biomass feed stocks is such 
that they produce ash with lowered melting points compared to 
coal, resulting in the ash melting during thermal conversion, 
causing the blockage, erosion and corrosion of boiler equipment 
[21,22,25,26,125]. The decrease in melting point is due primarily to 
the presence of unacceptably high concentrations of alkali (Na and 
K) and alkaline earth metals (Mg, and Ca) and also the concentra¬ 
tions of silica, phosphorus, sulphur and chlorine in the feed stock. 
Alkaline metals occur naturally in plants, and are especially prob¬ 
lematic in grass biomass that has been harvested without an over¬ 
wintering period. Biomass from SRC willow and poplar that 
contains high ratios of bark to wood may also contain significantly 
higher concentrations of N, P, K, Mg, Ca, Cd, Pb, Co and Zn when 
compared with wood [126], Indeed, the concentrations of alkali 
metals in SRC biomass feed stocks often limits their use for 
domestic pellet stoves. Decreased ash melting point is the key 
reason why biomass boilers are less efficient than fossil fuel boilers 
as more excess air is required to keep temperatures inside the 
boiler below that where fly-ash would stick to heat transfer 
surfaces. The increased cost of effective air control is prohibitive at 
the small scale and smaller boilers generally have a greater level of 
excess air than larger ones. On larger scale equipment, the neces¬ 
sary air flow control is more cost effective and it is possible to 
operate closer to the excess air limit. 

Silicon may also be abundant in biomass and especially so in the 
walls of grasses [127], where it contributes to leaf erectness and 
reduces susceptibility to lodging. In addition silicon increases 
resistance to attack by fungal pathogens and insect pests 
[86,128,129], Silicon may form a substantial proportion of ash and 
whilst on its own it does not cause problems during combustion 
[21 ] in grasses the combination of high concentrations of alkali 
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metals and silica results in the formation of low melting ashes. 
Silica may also be introduced as soil contamination during har¬ 
vesting especially when biomass crops are cut directly to ground 
prior to baling and removal from the field. 

3.4. Nitrogen, sulphur and chlorine 

Nitrogen and sulphur are present in many organic molecules e.g. 
protein, amino acids and amino sugars, and inorganic chlorine and 
their presence can contribute to unacceptably high emissions of 
NO x , HC1 and SO2 and to boiler corrosion during combustion 
[22,25]. However, the relationship is far from straight forward as 
the emission of gaseous pollutants from a solid fuel is a complex 
interaction between fuel and combustion parameters and it is 
difficult, if not impossible, to predict gaseous emissions from the 
concentrations of heteroatoms in the fuel. The concentration of 
chlorides in biomass also influences the quantity of alkali metals 
vaporised during combustion and these components are thought to 
act as a shuttle which transports alkali metals from fuel to the 
surfaces of combustion chambers where they form stable sulphates 
[21 ]. Ideally, the concentration of nitrogen, sulphur and chlorine in 
crop biomass needs to be regulated within fairly stringent limits to 
maintain an acceptable feed stock quality. In addition the continual 
removal of these minerals by harvesting may lead to soil degra¬ 
dation and non-sustainable production practices for biomass 
crops [127]. 

3.5. Crop management practices 

As discussed for Miscanthus, the concentrations of alkali metals, 
nitrogen and chlorine in grass biomass may be brought within 
acceptable levels by harvesting after senescence has occurred and 
by harvesting after the crop has over-wintered in the field. In the 
case of Miscanthus, this brings alkali metal concentrations to 3-5% 
dry weight [24,25,130] and senesced biomass from over-wintered 
M. x giganteus in the field has excellent combustion properties 
with low water (16-33%) and mineral content (Cl = 0.3-2.1 g kg -1 ; 
N = 0.9—3.4 g kg -1 and K = 3.7-11.2 g kg" 1 ) [25,59], The increase in 
biomass quality is associated with the loss of leaf material during 
the over-wintering period and while leaves do not make a signifi¬ 
cant contribution to the composition of wood biomass, leaf mate¬ 
rial can make a significant contribution to grass biomass. Even after 
senescence, levels of ash, nitrogen, phosphorus, silica and alkaline 
metals in the leaves are much greater in leaf material than in stem 
[131 ]. However, the loss of leaf material also results in a substantial 
decrease to DM yield. For Miscanthus, this decrease in yield can be 
expressed as a linear decrease relationship between % yield loss (Y) 
and time (X) (Y = 0.296x-2.064; R 2 = 0.95) during the over¬ 
wintering period, with 37% of DM yield being lost by harvest in 
the following March [50], Similar results have been found for reed 
canary grass in Sweden [87,88], In addition to decreasing overall 
dry matter and energy yield [66] and improving biomass chemical 
composition by reducing water content and the concentrations of 
ash, nitrogen, chloride and sulphur in the biomass [28,66] the loss 
of leaf material from the crop contributes substantially to carbon 
sequestration [132], Allowing the crop to senesce prior to har¬ 
vesting decreases the requirement for fertiliser inputs and 
improves crop sustainability and at least one study has shown early 
cropping may increase dependence on nitrate fertilisers due to 
depletion of below ground nitrogen stocks [133]. From a biological 
point of view, the off-take of non-recycled minerals particularly 
nitrogen in an autumn harvest of Miscanthus would jeopardise the 
crops high yield and survival unless equivalent amounts were 
applied to replace off-take. This would defeat the object in that 
a major advantage of Miscanthus and other energy grass crops is 


that minimal nutrients are required. Furthermore, the harvested 
biomass from crops that had not fully undergone senescence could 
have increased levels of NO x emissions (particularly nitrous oxide) 
which have high greenhouse gas effects. The high moisture levels 
associated with autumn harvested biomass would make transport 
less economic, lead to poor storability and lower gross calorific 
value for thermal conversion since heat is used to drive off mois¬ 
ture. Other approaches to improve the inorganic composition of 
biomass may include submersion in water, dewatering and drying 
[130,134,135] or removing elements after initial primary conversion 
i.e. char washing [136]. 

It is often not possible to over-winter grass biomass from less 
woody species and in these cases the mown crop is allowed to leach 
in the field for 1-4 weeks before baling to reducing water content 
and the concentrations of protein and nitrogen in the foliar tissues 
[137,138], Many energy grass crops could be dried further by 
a variety of different methods e.g. mowing and drying in a swath 
could be used to dry in the field. However, apart from this being 
another operation, there is a risk of soil and stone being picked up 
during collection. Commercial practice with oilseed rape and straw 
has shown that it is practicable to remove stones post-harvest. For 
large grasses such as Miscanthus, natural ventilation by storing the 
mown crop in large heaps may be an alternative practice but it is 
likely that drying in this manner will not be effective as winrowing. 
Artificial drying in storage is unlikely to be economic and could be 
detrimental to energy balances although the use of waste heat for 
this purpose might merit investigation. 

4. Technologies for the thermochemical conversion of 
biomass 

The three key technologies for thermochemically converting 
biomass into heat, power and fuels are combustion, gasification and 
pyrolysis. 

4.1. Combustion 

Combustion consists of burning fuels at high temperatures in 
the presence of excess oxygen and it is the most established ther¬ 
mochemical conversion technology. During combustion, carbon 
and hydrogen in woody biomass react with oxygen to form carbon 
dioxide and water vapour with the release of heat [139], Although it 
is not possible to give a balanced chemical equation for the 
combustion of wood due to it being a mixture of components, 
Kiigiik and Demirba? (1997) offered the following equation as 
a summarisation of the process where C42H60O28 represents 
a generalised formula for woody biomass [140]: 

C42H60O28 + 430 2 —>42C0 2 + 30H 2 O 

This heat energy can be used for space heating or converted e.g. 
by steam raising, into mechanical power which may be used to 
generate electricity [20,141], Efficient and complete combustion 
requires temperatures of the order of 800—1000 °C and for efficient 
mixing to take place within the combustion zone to ensure the full 
burnout of all combustion products [142], Whilst combustion is 
generally flexible with respect to biomass requirements, biomass 
quality and the scale and technology used influence the efficiency 
of the process and hence the degree of biomass pre-processing 
required. The properties of biomass most affecting combustion 
can be grouped according to whether they are physical, chemical or 
thermal factors. Physical factors include feed stock density, porosity 
and internal surface area, whilst chemical factors include HHV, 
elemental content and the heating values relating to pyrolysis and 
char. Lastly, thermal properties affecting combustion include 
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specific heat, thermal conductivity and the effect of water content 
on emissivity, i.e. the relative ability of a surface to emit energy by 
radiation. The reader is directed towards the extensive review by 
Demirbas (2005) for a more detailed discussion of these factors and 
the combustion process. In practice, the moisture content of 
biomass should be below 50% for effective combustion to occur, and 
the energy required to mill and size biomass prior to conversion, 
and that spent ensuring sufficient excess air during conversion 
must be taken into consideration when calculating energetic yield 
[20], The properties of biomass are such that it behaves funda¬ 
mentally differently to coal when burnt in a pulverised coal fired 
boiler as the dominant reaction sequence of biomass is one of 
volatilisation and gas-phase combustion compared with the char 
formation and gas-solids oxidation associated with coal [143], 

There are two options for biomass utilisation by combustion: 
biomass can be burnt as a single fuel in specially designed power 
stations that are generally of limited capacity, e.g. Slough Heat and 
Power (http://www.sloughheatandpower.co.uk/) and Stevens Cross 
Biomass Power Station, Lockerbie (http://www.eon-uk.com/ 
generation/stevenscroft.aspx), or co-combusted with coal in exist¬ 
ing power stations, e.g. Drax power station (http://www. 
draxpower.com/corporate_responsibility/climatechange/cofiring/) 
[144], The former option requires significant financial investment, 
as the low energy density of biomass dictates the construction of 
new biomass-specific power stations. The infrastructure cost of 
dedicated biomass stations is expected to be high as a result of the 
requirement for them to be decentralised to minimise the high fuel 
transportation costs caused by biomass having only low energy 
densities compared to coal and oil [40], Biomass dedicated stations 
would also require extensive storage areas because of the seasonal 
availability of most biofuels [145], In contrast, studies carried out by 
the UK Department of Trade and Industry [144,146], the European 
Union (EU) funded APAS project (Activite de promotion, D’Ac- 
compagnement et de Suivi) [145], the United States for the 
Department of Energy [147] and the Alliance for Global Sustain¬ 
ability (Massachusetts Institute of Technology, The University of 
Tokyo, Chalmers University of Technology and the Swiss Federal 
Institute of Technology) [148] have found that up to 10% of biomass 
can be co-combusted with coal using existing power stations and 
infrastructure. Furthermore, co-combustion is unlikely to lead to 
increased emissions of sulphur dioxide (SO2), oxides of nitrogen 
(N0 X ) or hydrochloric acid (HC1) [144], Co-combustion using 
greater proportions of biomass may be possible but this is likely to 
require the development of new combustion systems [149], 

4.2. Gasification 

In contrast to combustion, most of the energy of the biomass 
processed in gasification and pyrolysis processes is not yielded as 
heat but is captured as chemical energy in the form of a combus¬ 
tible gas, a liquid (bio-oil) and solid char (or bio-char). Unlike 
combustion, where heat produced must be used immediately, the 
products of pyrolysis and gasification can often be stored before use 
and can be used in a wider variety of more efficient end-use 
applications [141], Gasification is expected to be an important 
route to biomass utilisation and the process provides a means to 
convert biomass feed stocks into useful fuel gases and synthesis 
gases including hydrogen [20,139,150]. Gasification consists of 
partial oxidation at temperatures between 800 and 1200 °C, 
depending on gasifier type and the application requirements for 
the product gas. Gasification may take place in an atmosphere of air 
but oxygen/steam gasification and hydrogenation are also possible 
[151]. The dominant product is a combustible gas, the main 
components being typically nitrogen, carbon dioxide, carbon 
monoxide, hydrogen and methane, with lesser amounts of tar and 


char residue [139,141], The exact composition and calorific value 
(CV) of the product gas can be altered by the choice of gasifying 
medium. Gasifiers using air and steam/air produce a product gas 
with low hydrogen content and low heating values (4—6 MJ/Nm 3 ), 
being diluted with nitrogen. Product gases with CV values of up to 
40 MJ/Nm 3 are obtained from gasifying in hydrogen or by use of 
hydrogenation. Oxygen and steam gasification delivers product gas 
with medium CV values (12-18 MJ/Nm 3 ) [151], 

The gasification process is affected by feed stock moisture 
content, which must be below 30%. High water content reduces 
calorific value, makes ignition more difficult and reduces the 
temperature achieved in the oxidation zone of the gasifier, result¬ 
ing in the incomplete cracking of the hydrocarbons formed in the 
pyrolysis zone and the formation of tar. Furthermore, the rela¬ 
tionship between elemental composition and gasification is 
complex. Whilst high mineral content and the formation of low 
melting point ash leads to the formation of clinker and slag, and can 
cause feed stock blockage, the presence of potassium and calcium 
at lower concentrations has been shown to promote the conversion 
of char residues to CO2 during gasification [152], However, despite 
these possible problems the higher levels of volatile matter in 
biomass allow lower ignition temperatures compared with coal 
[3,151,153] and at temperatures of around 500 °C approximately 
85% of wood biomass (by weight) is converted into gaseous and 
volatile compounds [23,24], 

Gasifiers are available in a range of sizes and types and can be 
run on fuels including wood, charcoal, and agricultural waste 
products. Power output is determined by the economic supply of 
biomass, which is limited to 80 MW in most regions [139], There 
are two main designs of gasifier: fixed bed and fluidised bed, with 
many variations within each type [151,153]. Those self sufficient in 
heat, which is provided within the gasifier by partial combustion, 
are classified as autothermal whilst those requiring heat being 
allothermal. Autothermal designs are the most common and most 
typically use air as a gasification medium [151], Allothermal 
gasifiers are externally heated, for example by electricity in the case 
of plasma gasifiers or via heated bed material in the case of twin 
bed gasifiers [153], These advanced gasifiers offer the advantage of 
highly efficient conversion and the production of a nearly nitrogen- 
free product gas mainly consisting of H2, CO, CO2 and CH4. One 
study has estimated it should be possible to produce 16 MW of 
hydrogen from 100 MW of wood chips and 6 MW of electricity, 
resulting in hydrogen production costs of 54 €/MWh [154], 
Another recent study evaluated a selection of different fuels (wood 
pellets, wood chips, lignite, coal, etc.) and different bed materials 
(natural minerals such as olivine, limestones, calcites, etc. as well as 
modified olivines) and the influence on tar content as well as gas 
composition was measured and compared among the different 
components. Moreover, the influence of operating parameters such 
as fuel moisture content, steam/fuel ratio and gasification 
temperature on the product gas has been investigated with the 
conclusion that all forms of biomass investigated can be used 
without problem. Furthermore, tar formation is influenced by fuel 
water content, steam/fuel ratio and process temperature and whilst 
higher water content, steam/fuel ratio and gasification temperature 
may combine to reduce levels of tar and hydrocarbon, it also leads 
to a decrease in process efficiency [155]. 

Once cleaned, particularly of tars, the combustible product gas 
can be used directly to produce heat, perhaps for steam raising; or 
in an engine or gas turbine to produce power; the gas can also 
be used as a feed stock for chemical synthesis. The degree of 
gas cleanliness and conditioning required increases significantly 
between these different end uses and the requirements for heat are 
the least stringent while the requirements for chemical synthesis 
are typically an order of magnitude greater than those needed for 
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use in modern engines [153], Careful regulation of process 
parameters allows the composition of the product gas to become 
highly consistent and of designed ratio with minimal levels of 
contaminants such as sulphur, tars and solids making it suitable for 
use for the synthesis of chemical and fuels. Synthesis gas, or syngas, 
is generally a mixture of carbon monoxide (20—30%), methane 
(10—15%), carbon dioxide (20—30%), hydrogen (30—40%), ethylene 
(1%), water vapour (6%) and nitrogen (1%) [143], Fuels produced 
from syngas include hydrogen, methanol, dimethyl ether, ethanol, 
and to synthesise substitute natural gas (bioSNG), which can be 
used in existing end-use applications via the natural gas grid and 
platform chemicals such as acetic acid [20], Syngas can also be used 
as a feed stock for Fischer-Tropsch synthesis. Fisher-Tropsch 
process (FTS) was established in 1923 by Franz Fischer and Hans 
Tropsch, the FTS process uses iron-based catalysts in high 
temperature fluidised bed reactors to produce linear alkanes with 
considerably greater commercial value than fuels [125]. The main 
product of FT biowax can be converted to synthetic diesel (HPFT 
diesel), an almost exact replacement for fossil diesel [156] and 
synthetic aviation fuel. Gasification has also be used to directly 
produce fuel for motor transportation and the use of wood gas fuel 
in vehicles fitted with spark ignition gas engines (SIGE) was pio¬ 
neered during the early decades of the 20th Century and later 
refined during World War 2 when there were shortages of petro¬ 
leum fuels for much of Europe [151]. 


4.3. Pyrolysis 

Pyrolysis consists of the thermal destruction of organic material 
in the absence of oxygen and is the basic thermochemical process 
by which biomass may be converted to more useful fuels [143]. 
There are several forms of the process which differ by temperature 
and the degree to which oxygen is excluded. At its simplest, 
traditional trench or pit pyrolysis has been used for millennia to 
convert wood to charcoal for use in the production of iron tools, and 
implements, and has been dated as far back as ancient Egyptian 
times where it was used to make tar for caulking boats and 
embalming agents [157], While this method is still used to produce 
bio-char or charcoal in some rural areas it is inefficient as it does not 
allow the liquid and gas products to be collected. It may also release 
large amount of CO2 and other GHGs into the atmosphere. Charcoal 
making utilises slow reaction rates and relatively low temperatures 
to maximize solid yield. What is now termed fast pyrolysis is in 
contrast an advanced process with carefully controlled parameters 
that gives high yields of non-equilibrium liquid and gas products 
including valuable chemicals, petrochemicals and fuels [158], 
although the exact definition of slow and fast pyrolysis is somewhat 
arbitrary [157], Several extensive reviews are available which 
examine pyrolysis at great length as well as the properties of the 
liquid products [157,159-161], Fast pyrolysis requires very high 
heating rates at the reaction interface, finely ground feed, carefully 
controlled pyrolysis temperatures of around 500 °C and vapour 
phase temperature of 400—450 °C, short vapour residence times of 
around 2 s and the rapid cooling of the pyrolysis vapours to form 
the liquid product [141], Table 2 shows the typical conditions of 
a variety of pyrolysis reactions and illustrates how seemingly small 
changes in rate of heating, temperature and residence time alters 
the proportions of the gas, liquid and solid products in the final 
product [162], To summarise, pyrolysis will yield mainly bio-char at 
temperatures less than 450 °C when the heating rate is quite slow, 
and mainly gases at temperatures greater than 800 °C with rapid 
heating rates. At temperatures of about 500 °C and with short 
reaction times liquid product becomes the dominant product. The 
steps underlying fast pyrolysis are shown in Fig. 1. 


Table 2 

Optimal conditions for pyrolysis, gasification and torrefaction processes Bridgwater, 
2010 [162], 


Intermediate 


Torrefaction 

Gasification 


~ 500 °C; very short hot vapour 
RT of approx. 1 s; short solids RT 
500 °C; short hot vapour RT 
10-30 s; moderate solids RT 
~400 °C; long hot vapour RT; 
very long solids RT 
-300 "C; long hot vapour RT; 
long solids RT 
-800 “C-900 "C; short hot 
vapour RT; short solids RT 


75% 

50% 

35% 


Negligible 

1-5% 


Most forms of biomass can be used as feed stocks for fast 
pyrolysis and whilst the majority of work has been carried out on 
wood due to its consistency, nearly 100 different types of biomass 
have been tested including straw, olive pits, nut shells, and energy 
crops such as Miscanthus, switchgrass, willow and sorghum 
[157,160,163-165], During pyrolysis cellulose and hemicellulose are 
thermally cleaved to form mainly volatile products whilst lignin 
forms mainly char due to its stability to thermal degradation [143], 
Cellulose degrades at 240—350 °C to produce anhydrocellulose and 
levoglucosan as initial products which further decompose to 
volatiles, tars and char, the reaction being essentially complete at 
360 °C. Hemicellulose being less thermochemically stable, 
decomposes at temperatures of 200—260 °C to form more volatiles 
and less tar and char than cellulose. Lignin decomposes at between 
280 and 500 °C yielding phenols via the cleavage of ether and 
carbon-carbon bonds and gives rise to the formation of greater 
amounts of char than cellulose [166,167], The char, which retains 
the ash fraction of the biomass, also has application as a fuel and 
furthermore, it may have potential for the improvement of soils and 
allow the sequestration of possibly large amounts of carbon [168]. 

After cooling and condensation, the organic vapours form a dark 
brown mobile liquid with a characteristic pungent smoky aroma. 
This liquid product, often termed bio-oil, typically has a heating 
value in the range of 16—19 Mj/kg [159] and contains three groups 
of materials: water, acids and aldehydes and a lignin derived heavy 
oil. Typically, 70-75 wt% of the feed stock is converted into oil with 




Fig. 1 . Pyrolysis process steps Bridgwater, 2002 [208], 
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yield increasing with increasing feed stock volatiles content and 
decreasing with increasing feed stock ash content [169], The heavy 
oil has potential for use as a fuel so feed stocks with high lignin 
content are possibly more suitable for pyrolysis processing. Bio-oil 
has a diverse range of potential applications including use as 
a liquid fuel to fire boilers and furnaces and for combined heat and 
power (CHP) using gas turbines or specialist static diesel engines 
(Fig. 2); however, there are major concerns regarding its properties 
which will need to be addressed before its large scale utilisation 
becomes possible at scales greater than laboratory testing. These 
problems include: high acidity (typically pH 2—3); viscosity, which 
increases with age as the oil oxidises; heterogeneous composition; 
phase separation and oxygenation during storage; high water 
content (approx 25% water) which cannot be readily separated; 
polymerisation on heating; immiscibility with petroleum oils and 
a heating value of approximately 55% that of light fuel oil 
[157,170,171], Despite these limitations bio-oil has been used 
effectively as a boiler fuel in the U.S.A. [172] and Finland, where 
measured emissions, with the exception of particulates, were lower 
than those from the combustion of heavy oil [159], Currently, bio¬ 
oil cannot be used for any reasonable length of time in unmodi¬ 
fied diesel engines without causing mechanical break-down due to 
its highly aggressive nature but it is likely that these problems 
could be overcome by engine modifications such as the replace¬ 
ment of the jets and fuel pump with more durable designs. Similar 


work is underway to allow bio-oil to be used as a fuel for gas 
turbine engines [159], 

An alternative approach is to chemically upgrade bio-oil to 
improve its physical properties and in some cases increase its 
energy content. Firstly, the use of surfactants can allow bio-oil to be 
mixed with diesel fuel to form stable microemulsions. More thor¬ 
ough upgrading can be achieved by two routes namely hydroge¬ 
nation and catalytic vapour cracking. Chemical upgrading by 
hydrogenation takes place at high temperature, high hydrogen 
pressure and in the presence of CoMo or NiMo catalysts and results 
in the removal of oxygen as water and the cracking of large mole¬ 
cules [159], Catalytic vapour cracking removes oxygen from the bio¬ 
oil by simultaneous dehydration/decarboxylation over a zeolite 
catalyst at 450 °C and atmospheric pressure. This process removes 
oxygen as H2O, CO2 and CO, and produces mainly aromatic products 
[173]. Alternatively, bio-oil can be mixed with ground char to make 
slurry oil for gasification [174], Lastly, bio-oil might provide a more 
conveniently transported feed stock for gasification than unpro¬ 
cessed biomass and the resulting syngas could be converted to 
liquid hydrocarbons by the FTS process [125] and it may be that in 
the future, depending on chemical upgrading technologies become 
more commercially competitive, bio-oil usage will eventually 
become more widespread [141], 



Fig. 2. Uses for fast pyrolysis products Bradley 2002 [209], 






























M.P. Robbins et al. / Progress in Energy and Combustion Science 38 (2012) 138—155 


147 


5. Up-grading technologies 

In its raw state biomass may be unsuitable for thermochemical 
conversion, often it needs to be dried and chopped to increase 
density, heating value and improve its storage and handling char¬ 
acteristics. However, several additional options for post-harvest 
processing are available to improve the properties of biomass 
feed stocks and this review will finish with a brief analysis of three 
of these new methodologies. 


5.1. Pelletisation 

In terms of commercialisation pelletisation is the most advanced 
densification process and is utilised by many commercial sites in 
operation throughout the UK and Europe, providing biomass for 
use ranging from the small scale domestic through to the very large 
scale power generation sectors. Many commercially available 
pellets are formed from compressed sawdust generated as a co¬ 
product from industries such as sawmills or from milled waste 
wood. Pellets (Fig. 3) typically have a shiny coating, are cylindrical 
and for most uses have a diameter of about 4.8-19.1 mm in 
diameter, with a length of 12.7-25.4 mm with a density of between 
961 and 1121 kg/m 3 [38], In contrast to wood chip, pellets have the 
advantage of being dry and clean and have specified ash content, 
furthermore, pellets flow freely allowing easier mechanical 
conveyance, for example by pneumatic conveyors. Other related 
forms of densified biomass include cubes, which are larger than 
pellets and range in sizes from 12.7 to 38.1 mm in cross section, and 
briquettes, which are solid cylinders 50—100 mm in diameter and 
cut to 200-300 mm in length. Cubes generally have a lower density 
than pellets (641-801 kg/m 3 ) whilst briquettes have higher 
densities (1000-1500 kg/m 3 ) [38], Pellets, cubes and briquettes can 
be made from compressed dry and milled plant biomass from crops 
such as SRC willow or Miscanthus, and also from agricultural co¬ 
products such as straw and forest waste in a process that relies 
on pressure and temperature to bond the particles by a variety of 
atomic bonding forces and to a lesser degree, by mechanical 
interlocking [175]. Pelletisation is achieved by forcing the ground 
biomass at pressures of about 35 MPa through holes in a die. This 
causes the biomass to heat to temperatures of between 90 and 



150 °C, which softens lignin so that it acts as a binder to glue the 
fibres together as the pellet is extruded [176]. Furthermore, the 
pressure causes densification of the biomass by collapsing cellular 
voids [38], Many processors add a binding agent at about 1% of 
biomass by weight to improve pellet strength and to increase pellet 
abrasion resistance; typically binders are by-products from the 
sugar or paper industry [38], The addition of pyrolysis tar as 
a binder to grass biomass at a ratio of 2:1 has been reported to 
result in a doubling of pellet strength [176], Following extrusion, 
the pellets are stabilised and hardened by cooling; the process 
being summarised in Fig. 4. The production of cubes and briquettes 
from biomass is essentially similar and all three processes have 
been reviewed extensively by Samson (2005). 

Many producers favour sawdust and wood shavings as feed 
stocks due to convenience, physical uniformity and low mineral 
content (alkali metals, nitrogen, sulphur and chlorine) so ensuring 
the pellets are of high combustion quality [177], Pellet quality is 
especially important for domestic applications which generally do 
not include advanced technologies for emission reduction. Of the 
types of woods available, softwoods are often preferred over to 
hardwoods as the higher lignin content of softwoods permits 
milder pelletisation conditions. The presence of bark in pellets is 
undesirable generally, especially for domestic use, as although bark 
increases the calorific value of the pellets, it also contains high 
levels of undesirable components [126], Pellets made from wood 
containing large amounts of bark e.g. forest waste and short rota¬ 
tion coppice crops, are therefore only really suitable for large scale 
applications such as power stations which would typically have gas 
cleanup processes fitted. Feed stock quality is crucial to achieving 
the desired pellet quality and product consistency. Poor quality 
pellets can crumble to dust and may produce more ash, and an EU 
wide suite of standards for solid biomass fuels is being developed 
by CEN/TC 335, which will be available for down load from the 
website of the UK Forestry Commission’s Biomass Energy Centre 
(http://www.biomassenergycentre.org.uk). Compositional differ¬ 
ences between softwoods, hardwoods, between tree species, and 
between parts of the trees may affect pellet combustion properties. 
For example, high alkali and chlorine concentrations in pellet fuel 
lowers the sintering and initial deformation temperatures of the 
ash, which so limits the combustion temperatures that can be used 
without danger of bed agglomeration. This in turn reduces the 
achievable boiler steam temperature and boiler efficiencies [178], 
The density, mechanical strength and durability of the pellets are 
highly dependent on the temperature rather than the pressure of 
the process; furthermore, feed stock moisture content has a large 



Fig. 3. Photograph of biomass pellets. 


Fig. 4. Pelletisation process stages. 
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effect on pellet CV. The heating value of wood pellets decreases by 
2.3 MJ/kg for every 10% increase in moisture content [179] and for 
biomass materials a feed stock moisture content of below 10% is 
required for effective machine operation and product quality 
[38,176], 

No devolatilisation takes place during pelletisation and ideally, 
the only mass loss should be due to drying. One review has 
calculated the thermal efficiency of pelletisation to be around 94% 
assuming fresh biomass has a moisture content of 35%, an LHV of 
16.5 MJ/kg and the final moisture content of the pellets to be 
around 10%, whilst the net efficiency has been estimated at around 
87% after allowing for use of utility fuel [180,181 ]. In nearly all cases 
biomass pellets are a superior fuel compared with untreated 
biomass due to their improved heating value; ease of grinding; 
better properties on combustion and preferable storage, transport 
and handling properties. In particular, pellets have an LHV in the 
range of 16.9-18.0 GJ/tonne depending on the moisture content 
[181], compared with wood chips which generally range in LHV 
from 5.9 to 15.9 GJ/tonne and have a typical LHV of 9.5 GJ/tonne, 
again depending on moisture content [137], Low moisture and high 
lignin and bark contents improves pellet storage properties making 
them less vulnerable to biological degradation by fungi and other 
micro-organisms so allowing longer periods of storage compared to 
wood chips. This is an important factor affecting pellet quality as 
biological degradation decreases mechanical strength and causes 
deterioration in particle size and shape uniformity [182], The uses 
for biomass pellets are summarised in Fig. 5. Their relatively high 
heating value combined with high bulk density has benefited the 
development of small combustion units such as domestic pellet 
stoves and permitted cost savings in handling and transportation to 
be realised. Furthermore, pellets are being used in large scale 
biomass co-firing in coal fired power stations such as Drax in the UK 
and there are plans to trial the use of pellets in UK coal fired power 
stations such as Tilbury that are faced with closure by EU directive 
in 2015 and so extend their working lives. 

5.2. Torrefaction 

Whilst torrefaction has obvious similarities with pyrolysis, it is 
a much more gentle process and consists of heating in the absence 
of oxygen to 200-300 °C for 15-30 min [181,183] (Fig. 6). Unlike 


fast pyrolysis where the feed stock needs to be powdered, the 
torrefaction process can utilise lump sized feeds (e.g. 2 cm cubes) 
due to the low particle heating rates used (<50 °C/min) [184], 
Hemicellulose, the most thermally unstable of the three main 
polymeric constituents of biomass decomposes forming torrefied 
wood as the main product with lesser amounts of condensable 
gases (mainly water with lesser amounts of acetic acid and other 
oxygenates), non-condensable gases e.g. carbon dioxide and 
monoxide, and small amounts of hydrogen and methane [183]. 
Broad leaf species e.g. beech, have been reported to be more 
reactive during torrefaction than coniferous species e.g. larch, 
which has been explained by the hemicellulose fraction in decid¬ 
uous timbers being comprised of xylan, which is much more 
reactive than the mannan found in conifers [183], Studies have also 
been carried out into the torrefaction of energy crops e.g. Mis- 
canthus, willow and reed canary grass, as well as agricultural co¬ 
products such as wheat straw [185], During torrefaction biomass 
looses more oxygen and hydrogen compared to carbon and 
subsequently calorific value increases e.g. LHVs of 17.6 MJ/kg for 
wood, and 19.4 and 21.0 MJ/kg for wood torrefied at 250 °C and 
300 °C respectively [183], A study using willow reported an 
increase in energy density of 17% following torrefaction at 
a temperature of 270 °C (i.e. from 17.7 to 20.7 MJ/kg on a daf basis) 
[186], However, despite energy densification and increased O/C and 
H/C the product of torrefaction is very different to charcoal, which 
requires higher temperatures to produce. The properties of torre¬ 
fied wood are between those of wood and coal with volatiles 
decreasing from approximately 80% to 60-75% and moisture 
content from 10% to 0—3% [187], The destruction of hemicellulose 
in the cell wall matrix breaks the tenacious nature of biomass 
making it much less fibrous and more friable; furthermore, the 
moisture uptake of torrefied biomass is very much reduced 
compared to wood pellets due to the dehydration reactions that 
occur during torrefaction and which cause the destruction of OH 
groups in the biomass and hence causes the loss of the capacity to 
form hydrogen bonds with water [181], The degree of mass loss 
from the feed stock on torrefaction varies with the origin of the 
biomass; grasses undergo greater mass change during torrefaction 
due to their higher concentrations of hemicellulose and also 
because they contain greater amounts of lipids and waxes which 
are driven off during volatilisation [185], Torrefied wood contains 



Fig. 5. Uses for pelletised biomass. 
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Fig. 6. Tor 


tion process stages. 


up to 96% of the original energy content but typically, only 70% of 
the original mass [185], In addition to being hydrophobic and 
resistant to biological degradation, a key benefit provided by tor- 
refaction is improved friability compared to untreated biomass, 
making it easy to crush. The Energy Research Centre of the Neth¬ 
erlands (ECN) report that the power consumption required to grind 
torrefied biomass is 70-90% less than that required to grind wood. 
In addition, the throughput of crushing equipment is increased 
significantly so facilitating its use in pulverised coal fired power 
stations and entrained flow gasifiers [184,188], Analysis of the 
grindability of torrefied willow and Miscanthus [188] showed that 
this was especially true for the energy grass, which after torre- 
faction was as easily ground as the standard reference coals used in 
the study. Torrefied biomass can be used as produced or could be 
formed into pellets similar in size and shape to wood pellets (Fig. 7), 
which would give advantages of improved handling. However, at 
least one study has reported that this may not be a viable option at 
present as pellets made from torrefied switchgrass are brittle and of 
reduced bulk density and whilst this would benefit grinding the 
pellets would be unsuitable for transportation and difficult to 
handle. The authors suggest that pelletisation could be carried out 
at temperatures sufficiently high to allow hemicellulose decom¬ 
position. This would deliver pellets of a very high quality but such 
processing requires further investigation and economic analysis 
[176], Torrefied biomass can be used in a variety of combustion and 
gasification applications (Fig. 8). It has been demonstrated to have 
improved efficiency during some gasification processes compared 
with wood as a greater proportion of biomass energy is conserved 
in the gasification product gas [183], However, despite these 
improvements to the biomass feed stock, torrefaction does not 


address issues relating to biomass chemical properties e.g. ash 
slagging, fouling, sintering and corrosion caused by sodium and 
potassium salts. 

No large scale, long-term testing of the fuel properties of bio¬ 
coal have been reported to date on account of the lack of avail¬ 
able bio-coal. A 20 tonne sample of torrefied wood originating from 
the UK was co-combusted at up to 9% (energy basis) with coal at 
a 400 M.W. pulverised coal plant located in Borssele, Netherlands, 
in summer 2003 (NNFCC, personal communication). The conclu¬ 
sions from the trial were highly favourable, namely: There was 
room to increase the percentage of torrefied wood in coal (i.e. the 
grinding mill limit was not reached); no decrease in conversion 
efficiency was detected and samples of the pulverised coal/torre¬ 
fied wood mixture taken from the exit of the grinding mill for sizing 
showed good overall pulverisation performance. At least one recent 
study has shown the feasibility of using torrefied biomass for bio¬ 
logical conversion to ethanol using commercially available hydro¬ 
lytic enzymes and a commercial strain of Saccharomyces cerevisiae. 
The study investigated whether hydrolysis and fermentation was 
indeed possible and secondly, whether the improved feed stock 
grindability would result in energy savings compared with 
unprocessed or steam-treated biomass. Surprisingly, whilst mild- 
torrefaction reduces sugar degradation by only 5-10% and does 
not lead to enzymic or fermentation inhibition and whilst torre¬ 
faction as pre-processing step for biological conversion is not able 
to compete with steam-explosion currently, there is obvious scope 
for optimisation [189]. 

5.3. Biomass upgrading by use of sub-critical and supercritical 
water 

Hydrothermal upgrading (HTU) is a process of biomass pyrolysis 
whereby thermally degradation occurs in a sub-critical aqueous 
medium at high temperature and pressure. The sub-critical 
aqueous medium acts not only as a heat carrier and as 
a dispersing medium, but also chemically reacts with the biomass 
[20,190-192], A key feature of the process is that the biomass can 
contain up to 80% moisture content, an obvious advantage for the 
utilisation of some sources of biomass such as algal biomass, which 
inherently contain large quantities of water [193], Under the reac¬ 
tion conditions macromolecules in the biomass are initially 
hydrolysed and degrade to form unstable smaller molecules that 
subsequently recombine into larger reaction products. The exact 
composition of the reaction products is highly dependent on the 
composition of the feed stock and protein, carbohydrates, lignin 
and fats all produce distinct reaction products during hydrothermal 
liquefaction. Cellulose and hemicellulose in lignocellulosic feed 
stocks degrade initially to smaller sugars, aldehydes and furans 
whilst lignin degrades to stable phenolic and methoxy phenol 
residues [194], Subsequent dehydrogenation and decarboxylation 



Fig. 7. Illustrations of torrefied wood chips (left) and torrefied pellets (right). 
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reactions lead to a substantial proportion of oxygen being lost from 
the biomass and results in the generation of partly oxygenated 
hydrocarbons termed bio-crude, with lesser amounts of organic 
compounds, gases e.g. carbon dioxide, and water [194], The process 
can be assisted by the use of catalysts e.g. Na2CC>3 which reduce 
char formation and improve oil yield and quality. 

HTU was first pioneered in the 1980s in by Shell and whilst HTU 
has been operated at, or close to the pilot stage [20,191,194], most 
work on HTU however has been carried out at laboratory bench- 
scale. HTU offers severe process challenges e.g. corrosion of 
equipment and the need of components such as feed pumps to 
cope with the high pressures involved, that have proved to be 
obstacles in the path of large scale operation [194], However, 
assuming that these difficulties in processing can be overcome, the 


high viscosity bio-crude from HTU, like the bio-oil produced by fast 
pyrolysis, has obvious potential for co-firing in coal fired power 
stations or conversion to hydrocarbon fuels (i.e. diesel). The bio¬ 
crude product forms approximately 45% of the reaction products 
by weight and is much more like fossil derived crude oil than bio¬ 
oil. Bio-crude has a calorific value of about 30—35 GJ/tonne (LHV 
daf), an oxygen content of about 10-15wt% (compared to about 
40wt% in the original biomass) and does not mix with water. It also 
solidifies at about 80 °C which may limit its suitability for many 
applications. To improve its characteristics bio-crude can be sepa¬ 
rated into light and heavy oils (Fig. 9). The light fraction is reported 
to contain no minerals and to be upgradeable to transport fuels in 
the diesel range by catalytic hydrodeoxygenation. At present 
however, this upgrading process has only been demonstrated at lab 



Fig. 9. Potential bio-crude applications. 
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scale [195]. The remaining heavy bio-crude could be co-fired with 
coal in a coal fired power station or gasified. 

HTU has been evaluated on a wide range of biomass feed stocks 
including biomass residues, deciduous wood, algal biomass and pig 
manure [194,196]. For most feed stocks, the first stage in the 
process is the pre-treatment of the biomass to produce a paste 
(Fig. 10). The Lawrence Berkeley Laboratory process for wood 
consists of a mild acid hydrolysis at 180 °C for 45 min after which 
Na2CC>3 is added to adjust the pH to 8. There have also been reports 
that the paste can be heated by hot gases produced by a parallel 
anaerobic digestion (AD) process, which would decrease the 
requirement for fuel. In this case, waste water from the HTU process 
containing organic molecules acts as a feed stock for the parallel 
anaerobic digestion process. Liquefaction takes place at tempera¬ 
tures in the region of300—250 °C for 10—60 min and at pressures of 
120-180 bar [195,197], 

In the related but distinct process of supercritical water gasifi¬ 
cation (SCWG), supercritical solvents are used to generate hydrogen 
from biomass. SCWG developed from efforts to generate hydrogen 
from biomass by steam reforming. These studies were driven by the 
anticipated requirement for cheaply produced hydrogen which 
would have application as an alternative transport fuel and for use 
in chemical synthesis e.g. for the upgrading low grade oils produced 
by fast pyrolysis. Early research showed that the steam reforming of 
biomass was highly inefficient due to the formation of large 
amounts of char and tar. However, in 1985 Modell reported a much 
reduced formation of char if the feed stock, in this case maple 
sawdust, was first dispersed in water above its supercritical point 
[198], When water is above its supercritical point (T > 374 °C and 
P > 22.1 MPa) it acts as a homogeneous non-polar solvent with high 
diffusivity and high transport properties. Consequently it is able to 
dissolve any organic compound and gas [199], Furthermore, the use 
of supercritical fluids allows the use of milder temperatures albeit 
at higher pressures i.e. 200—350 °C and >100 bar [191,192,200]. 

In contrast with HTU, the main reaction products of SCWG 
comprise of fuel gas that may contain >50% hydrogen on a molar 
basis, together with much smaller amounts of organic compounds 
e.g. formic and acetic acid, and phenol, and some tar and char. The 
process has been the subject of several reviews including the recent 
publication by Kruse (2008) which offers extensive coverage [201], 
The precise proportions of the reaction products are highly 
dependent on feed stock composition and reaction conditions 
[192,201], As with HTU, the SCWG process can cope with wet 
biomass by eliminating the need for drying [201] and for several 
plant biomass feed stocks hydrogen yields have been shown to 
increase with temperature and pressure over the range of 
377-477 °C and 23-48 MPa [202], Higher temperatures 
(480-750 °C, with pressures of 28 MPa and residence times of 



Fig. 10. HTU process steps Goudriaan 2008 [195]. 


10—50 s) have been investigated using glucose as a model 
compound by various workers who reported that below 600 °C 
very low carbon gasification was observed. At 800 °C yields of 
hydrogen and CO2 were greatly increased and CO decreased due to 
increased rates of the water gas shift reaction. A separate study 
using cellulose as a feed stock suggested that the degradation of 
biomass may be catalysed by metal surfaces. Indeed, as with HTU, 
the process is assisted by the presence of alkaline salts e.g. K2CO3 
and KHCO3. During SCWG lignin is more resilient to degradation 
than carbohydrates and gives rise to high yields of char and coke 
and lower yields of H2 and CO2 compared with cellulose, indicating 
that the gasification of feed stocks with high lignin content will 
require much more severe conditions than the gasification of 
carbohydrates [201 ]. The use of such feed stocks for SCWG may be 
become more realistic however as new catalysts are discovered that 
would improve reaction efficiency and product yield at possibly 
lower reaction temperatures. Recently charcoal has been reported 
to act as a highly effective catalyst for the SCWG of wood sawdust 
and potato waste to hydrogen rich gas at high yields (>2 L/g) with 
clean water as the only reaction by product [200], 

6. Conclusion 

The necessity for developing a sustainable non-fossil fuel 
economy is self evident and has been highlighted in many recent 
reviews including two recent publications from Nicholas Stern 
[203,204], In the EU, the pressing need to reduce GHG emissions, 
increase the security of energy supply and change economies to 
permit sustainable economic growth is driving research relating to 
renewable energy resources and biofuels. The important goal of 
mitigating competition for land use between food and fuel is 
central to the sustainable large scale cultivation of energy crops. 
Bioenergy crops must be capable of delivering sustainably reliable 
yields in a range of agricultural locales and under conditions of 
future environmental change in ways which do not cause compe¬ 
tition with the production of food. The crops identified in this 
review go some way to reaching these goals but, being largely 
undomesticated, there is still considerable scope for improvement 
before they will be able to deliver biomass in sufficient quantity 
under sustainable cultivation. It may be possible that new crops or 
wild species that have not been considered in this review are 
identified as being suitable for cultivation or harvest in niche 
locations in the UK and N. Europe [205-207], Such locations might 
be highly important for biomass production as they would include 
much of the land that is not used currently for food production. 
However these regions are likely to present special challenges for 
farming with regards to soil quality, machine accessibility, envi¬ 
ronmental fragility and extreme environmental conditions. 

This review has focused on a key aspect of the improvement of 
biomass crops, and one that has until now been largely neglected. 
The matching of crop biomass composition to conversion process is 
essential to ensure efficient production of energy and chemicals. At 
Aberystwyth and elsewhere work is in hand to breed new varieties 
with not only improved yield characteristics, but appropriate 
composition in terms of lignin content and ash melting point. 
However, such strategies for crop improvement are far from 
straight forward; for example, there is little evidence of strong 
quality trait loci (QTL) for many cell wall compositional parameters 
in grasses and our understanding of the genetics and biochemistry 
underlying differences in elemental composition is still rudimen¬ 
tary. Feed stock matching will be dependent on breakthroughs that 
increase our understanding in these areas and on developments in 
biomass pre-processing and upgrading technologies to improve the 
quality and suitability of biomass feed stocks. Lastly, we may be 
guilty of seeking new fuels for conversion technologies that were 
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